Alzheimer's disease (AD) is a progressive neurodegenerative disorder that is thought to be caused in part by the age-related accumulation of amyloid ␤-protein (A␤). The presence of neuritic plaques containing abundant A␤-derived amyloid fibrils in AD brain tissue supports the concept that fibril accumulation per se underlies neuronal dysfunction in AD. Recent observations have begun to challenge this assumption by suggesting that earlier A␤ assemblies formed during the process of fibrillogenesis may also play a role in AD pathogenesis. Here, we present the novel finding that protofibrils (PF), metastable intermediates in amyloid fibril formation, can alter the electrical activity of neurons and cause neuronal loss. Both low molecular weight A␤ (LMW A␤) and PF reproducibly induced toxicity in mixed brain cultures in a time-and concentration-dependent manner. No increase in fibril formation during the course of the experiments was observed by either Congo red binding or electron microscopy, suggesting that the neurotoxicity of LMW A␤ and PF cannot be explained by conversion to fibrils. Importantly, protofibrils, but not LMW A␤, produced a rapid increase in EPSPs, action potentials, and membrane depolarizations. These data suggest that PF have inherent biological activity similar to that of mature fibrils. Our results raise the possibility that the preclinical and early clinical progression of AD is driven in part by the accumulation of specific A␤ assembly intermediates formed during the process of fibrillogenesis.
Alzheimer's disease (AD) is a slowly progressive disorder at both the histopathological and clinical levels. Early symptoms of mild memory loss and minimal cognitive impairment lead gradually over 5-15 years to profound dementia and death. Biochemical and morphological studies suggest that clinical impairment in AD involves early synaptic dysf unction (Anderton et al., 1998; Cummings et al., 1998) , followed by more severe neuronal changes that include increased synaptic loss, widespread neuritic dystrophy, neurofibrillary tangles, and frank neuronal death (Terry et al., 1991; Gómez-Isla et al., 1996; Sze et al., 1997; Anderton et al., 1998) . The mechanism underlying the initiation of this progressive pathophysiology is thought to involve the age-related accumulation of amyloid ␤-protein (A␤), which can form the abundant amyloid fibrils observed in neuritic plaques at autopsy (Esiri et al., 1997) . The observation of these end-stage lesions in postmortem brain tissue has led to an assumption that accumulation of fibrils per se underlies the progression of AD. This impression has been supported in part by studies of neuronal cultures, in which progressive neurodegeneration can be induced by highly aggregated, fibrillar A␤ but not by equivalent concentrations of A␤ monomers (Mattson et al., 1993; Pike et al., 1993; L orenzo and Yankner, 1994) .
A␤ is thought to start accumulating in vivo as low molecular weight species (LMW A␤) consisting principally of monomers that are constitutively secreted from brain cells. These may, under certain circumstances, progress to oligomers and ultimately to mature 7-to 10-nm-wide amyloid fibrils. A␤ oligomers (dimers, trimers, tetramers, and possibly larger assemblies) have been identified in the conditioned media of certain cell lines that constitutively secrete A␤ (Podlisny et al., 1995 (Podlisny et al., , 1998 Xia et al., 1997) , and recently, in CSF (Pitschke et al., 1998) . Fibril formation by synthetic A␤ peptides is believed to proceed in vitro via a transition of LMW A␤ to intermediate species that go on to form fibrils (Harper and Lansbury, 1997; Teplow, 1998) . Recently, two laboratories identified such intermediates in the formation of synthetic A␤ fibrils that are referred to as protofibrils (PF) (Harper et al., 1997a,b; Walsh et al., 1997) .
In this paper, the electrophysiology and neurotoxicity of LMW A␤ (monomers/dimers) and PF and their relationship to fibrillar A␤ was investigated. We found that both of these earlier species reproducibly induce toxicity in cultured primary cortical neurons over a period of days. Furthermore, we show that submicromolar concentrations of PF can acutely increase the electrical activity of cortical neurons, whereas LMW A␤ at the same concentrations elicits no electrophysiological response. Based on these and other data, we hypothesize that neuronal dysfunction is initiated by the formation of PF and that the PF can trigger neuronal loss directly and/or via their transition to higher MW species, including fibrils. Our model raises the possibility that the preclinical and early clinical progression of AD is driven, in part, by temporal changes in specific A␤ assemblies formed during the process of fibrillogenesis. Elucidating the biological activity of PF should help to determine the role of early A␤ intermediates in the mechanism of neuronal dysf unction in AD, with attendant therapeutic implications.
MATERIALS AND METHODS
A␤ preparation. Synthetic A␤ peptides prepared as trifluoroacetic acid (TFA) salts are highly acidic, and care was taken to properly buffer the peptide to stabilize the effects of pH on morphology and neurotoxicity. A␤ 1-40 (TFA salt) was purchased from Bachem (K ing of Prussia, PA; lot number Z N-571; 73.3% peptide). A␤ at a concentration of 1 mM (4.3 mg /ml, based on total weight of peptide) was dissolved in 1 mM NaOH plus phenol red (0.1 mg /ml to monitor pH), pH ϳ3. To minimize isoelectric precipitation of A␤ (pI 5.5), 10 mM NaOH (120 -145 l NaOH /mg of peptide) was added to achieve a rapid transition to a pH of ϳ7.0 -7.5. The peptide was then f urther diluted to 500 M in water and PBS (final concentration (in mM): 70 NaC l, 1.35 KC l, and 5 NaH 2 PO4/ Na 2 HPO4). Fibrils were generated by incubating the peptide in a sealed tube at 37°C for 2-3 d. PF and L MW A␤ were generated by incubating A␤ peptide at room temperature (RT) for 2-3 d, centrif uging at 16,000 ϫ g for 10 min, and then fractionated by size-exclusion chromatography (SEC) (see below), as previously described (Walsh et al., 1997) .
Size-e xclusion chromatography to isolate LMW A␤ and PF. These species were isolated on a Superdex 75 SEC column using a Waters 650 Advanced Protein Purification System, as described (Walsh et al., 1997) . However, for cell culture purposes, this procedure was modified by eluting the peaks with 70 mM NaC l and 5 mM Tris, pH 7.4 (TBS). Characterization by quasielastic light scattering and negative contrast electron microscopy (EM) indicated that L MW A␤ and PF produced in this manner were indistinguishable from those previously reported (Walsh et al., 1997) . As the LW M A␤ and the PF peaks eluted from the column, each was collected in ϳ450 l fractions, yielding four or five fractions per peak. Peptide content in individual fractions was quantified by amino acid analysis. The following tissue culture components were added to each fraction before applying them to cultures: M EM (1ϫ); glucose (10 mM), penicillin streptomycin (500 U/ml and 500 g /ml, respectively), H EPES (20 mM), and NaHC O 3 (26 mM) (all final concentrations).
Primar y mi xed brain cultures. Cultures were prepared according to Hartley et al. (1993) , with slight modifications for rat tissue. Briefly, brain cells were isolated from the neocortex of embryonic day 15 (E15)-E17 rat embryos, plated at 200,000 cells/ml (or 1.3 ϫ 10 5 cells/cm 2 ) in plating medium containing DM EM, 10% fetal bovine serum, Ham's F-12 (10%), H EPES (20 mM), glutamine (2 mM), and penicillin streptomycin (500 U/ml and 500 g /ml, respectively) onto glial feeder layers in 48 well plates. Cultures were fed twice a week with this plating medium. After 9 -10 d, cultures were inhibited with 10 M AR A-C to stop glial growth and then changed into reduced-serum medium (plating medium with only 5% bovine calf serum). Upon initiation of all A␤ toxicity experiments, the medium was completely removed and replaced with serumfree medium containing either no A␤, LMW A␤, PF, or fibrils (see previous section for final composition of toxicity medium).
The cultures, which contained neurons, astroglia, and microglia, were used after 3-4 weeks in vitro. Phase-contrast microscopy of typical cultures revealed phase-bright neurons resting on a darker, granular layer of astroglia. Neurons stained positively for the neuron-specific marker, microtubule-associated protein-2 (M AP-2), whereas the astroglia were positive for glial fibrillary acidic protein (GFAP). Microglia were identified by their uptake of rhodamine-conjugated low-density lipoprotein. These mixed brain cultures provided a usef ul model of cortical tissue, in that all major cell types were present, and neurons displayed appropriate electrophysiological activity (see Results).
Unless otherwise indicated, chemicals and tissue culture supplies were purchased from Sigma (St. L ouis, MO) and Life Technologies (Gaithersburg, MD), respectively. Serum was purchased from Hyclone (L ogan, UT).
Immunoc ytochemistr y. Cultures were fixed with 4% paraformaldehyde in 0.15 M Na 2 PO 4 :K H 2 PO 4 , pH 7.4, for 20 min, washed, treated with 0.3% H 2 O 2 in methanol for 30 min, and then blocked in blocking buffer (10% FBS, 0.3% Triton X-100, and 0.15 M Na 2 PO 4 :K H 2 PO 4 , pH 7.4). Primary antibodies were applied in this blocking buffer for 1 hr at RT using the following concentrations: anti-M AP2, 1:1000 (monoclonal, Sigma M4403); R1282, 1:750 (polyclonal) (Lemere et al., 1996) . Primary antibody was visualized with anti-mouse or anti-rabbit biotinylated secondary antibodies bound to horseradish peroxidase or alkaline phosphatase, respectively, using an avidin -biotin kit (ABC Elite; Vector Laboratories, Burlingame, CA).
Cell death. C ell death was assessed visually by phase-contrast microscopy and quantitatively by measuring the release of the cytosolic enzyme, lactate dehydrogenase (LDH), into the medium, as previously described (Hartley et al., 1993) .
Congo red binding. Congo red binding (CRB) was measured as described by K lunk et al. (1989) , with slight modifications for reading in a microplate reader. Samples (25 l) were mixed with 225 l of 20 M Congo red in 20 mM KH 2 PO4 buffer, pH 7.4, and incubated at RT for 30 min. Absorbance at 480 and 540 nm were determined, and the amount of Congo red bound to fibrils was determined using the equation CRB (mol/l) ϭ A 540 /25,295-A 480 /46,306.
Search for fibrils by centrif ugation and electron microscopy. Media of cultures treated with each of the three A␤ assembly forms for 5 d were centrif uged for 20 min at 16,000 ϫ g, and the pellets were resuspended in 10 l of H 2 0 and applied to EM grids. The grids were incubated with the samples for 20 min, rinsed with TBS, and blocked with 0.1% egg albumin for 30 min, all at RT. Polyclonal antibody R1282 to human A␤ 1-40 was added at 1:400 to 1:800 dilution, incubated for 30 min at RT, and followed by washing. Goat anti-rabbit secondary antibodies conjugated to 10 nm gold particles were incubated for 30 min at RT, followed by rinsing. The proteins were then fixed to the grids with 2.5% glutaraldehyde for 5 min, and the grids were negatively stained with 2% uranyl acetate and then examined in a JEOL C X100 or a 1200L X electron microscope.
SDS-PAGE/Western blotting. Conditioned medium (15 l) was mixed with 2ϫ Tricine -SDS sample buffer (Novex, San Diego, CA), boiled for 5 min, and loaded onto 10 -20% Tricine gels (Novex) and electrophoresed. Proteins were electroblotted for 2 hr at 400 mA (4°C) onto 0.2 m poly vinylidene difluoride membranes (Bio-Rad, Hercules, CA). Membranes were blocked for 1 hr at RT with 5% milk in TBST, washed, and probed with A␤ antibody R1282 (1:3000) in TBST for 1 hr (RT). After washing, a goat anti-rabbit secondary antibody conjugated to HRP was applied for 1 hr (RT). Immunopositive bands were visualized by chemiluminescence (ECLϩPlus; Amersham, Arlington, IL), per manufacturer's instruction.
Electrophysiolog ical studies. Patch-clamp electrophysiology in the cellattached voltage-clamp (Ϫ50 mV) mode was used for measuring EPSC s. Whole-cell and current-clamp mode was used for recording action potentials and membrane depolarizations. Mixed brain cultures (above) were perf used at RT in an extracellular bath solution containing (in mM): NaC l 140; KC l 4; MgC l 2 1; CaCl 2 1; H EPES 10; and Tris 5, pH 7.4. For cell-attached recordings, the pipette solution contained (in mM): NaC l 87; KC l 55; MgC l 2 0.5; C aC l 2 0.5; glucose 10; and H EPES 5, pH 7.4. The internal solution for whole-cell recordings contained (in mM): KC l 150; EGTA 10; MgC l 2 1; H EPES 10; and Mg-ATP 3, pH 7.2 (using KOH). Patch pipettes (catalog #7052; Corning-Garner) were pulled and firepolished to a tip diameter of Ͻ1 m. High resistance (Ͼ10 G⍀) seals were used, and currents were measured with an integrating patch-clamp amplifier (catalog #3900; Dagan). Freshly isolated L MW A␤ and PF (see SEC section above) were used for electrophysiology experiments. To achieve the required sample volumes, the L MW A␤ and PF peaks were not fractionated as described for neurotoxicity experiments (above); rather, the whole peak was collected as a single fraction. To these L MW A␤ or PF peaks, stock electrophysiological buffer components were added to achieve the concentrations listed above (i.e., extracellular bath solution). Recordings were completed within 4 -5 hr of peptide collection from the SEC. A␤ preparations were held at 4°C until applied. Baseline recordings were monitored for 3-5 min before applying the A␤ preparations, which were applied by adding an equal volume of the A␤ preparation directly into the bath solution (no perf usion system was used).
RESULTS

Structural and biochemical characterization of LMW A␤ and PF preparations
Two laboratories have previously isolated and characterized intermediate structures, termed protofibrils (PF), that are formed during the assembly of synthetic A␤ into typical 4 -8 nm amyloid fibrils (Harper et al., 1997a,b; Walsh et al., 1997) . Using SEC, we separated and collected the PF as well as the LMW A␤ 1-40 peptides from which the PF are derived (Fig. 1a) . No structures could be detected in the L MW A␤ fraction by EM. Quasielastic light-scattering spectroscopy has shown that L MW A␤ has a hydrodynamic radius of 1.5-2.0 nm, too small to be resolved by EM (Walsh et al., 1997) . EM of the PF showed individual, curvilinear structures of 4 -11 nm diameter and Ͻ200 nm length, as previously described (Walsh et al., 1997) (Fig. 1b, PF ) . This appearance contrasted with that of mature fibrils, which were straighter and much longer (indeterminate length with a width of 6 -10 nm) and often found to occur in dense mats of multiple fibrils (Fig. 1b, F ) .
In addition to their EM characterization, L MW A␤, PF, and fibrils were analyzed by SDS-PAGE. Freshly prepared LMW A␤, PF, and fibrils were each diluted into the buffer used for neurotoxicity experiments (see Materials and Methods) and subjected to Western blotting with the A␤ antibody R1282 (Lemere et al., 1996) . Significant differences were observed among the preparations. The LMW A␤ material showed only an ϳ4 kDa band (monomer) (Fig. 2a) , whereas this band and two or three higher molecular weight bands (oligomers between 6 -12 kDa) were detected in the PF material (Fig. 2b) . The fibrillar material produced bands corresponding to monomer and oligomers and an additional band at the very top of the gel (Fig. 2b) . Thus, a portion of fibrils does not enter the gel or forms a smear after entering the gel. Centrifuging the fibril preparation at 16,000 ϫ g for 10 min yielded a pellet that contained solely the band at the top of the gel (Pike et al., 1993) ; no 4 kDa monomer or oligomers were observed (data not shown). It is important to note that the LMW A␤ and PF are purified by SEC, whereas our standard A␤ fibril preparations are mixed fractions similar to those used in numerous published A␤ neurotoxicity studies, i.e., they were prepared Figure 1 . Flow diagram depicting generation of LMW A␤ and PF and their structural differences. a, A␤ was dissolved in NaOH:PBS, incubated for 2-3 d, centrifuged, and then injected onto a sizeexclusion column. As the PF or L MW A␤ peak emerged from the column, it was collected in fractions, to which tissue culture reagents were added and then applied to mixed brain cultures. Neuronal viability was monitored by phase-contrast microscopy and by measuring the release of LDH into the medium. b, Protofibrils (PF ) were present as individual, dispersed, curvilinear structures of 4 -11 nm diameter and Ͻ200 nm length. Mature fibrils ( F) were 6 -10 nm in diameter, much longer (indeterminate length; mean diameter, Х8 nm), and often occurred in dense mats of multiple fibrils. by incubating ("aging") high concentrations of A␤ (100 -500 M) at 37°C for several days. After denaturing in SDS, the latter preparations showed not only gel-excluded A␤-reactive material [i.e., SDS-insoluble fibrils (Pike et al., 1993) ], but also A␤ monomers and oligomers (Fig. 2c) , demonstrating that fibril preparations contain a mixture of species. Our unfractionated fibril preparations thus contained L MW A␤, PF, and higher MW species and are similar, in this regard, to A␤ preparations used by others for neurotoxicity experiments.
Neuronal injury as a function of A␤ assembly state
As the L MW A␤ and PF peaks emerged from the SEC column, each peak was collected in four or five fractions of 450 l. The A␤ concentrations in these fractions varied from 5-53 M, as determined by amino acid analysis, and these were usually within the concentration range of our fibril preparations, i.e., 7-42 M. The PF and L MW SEC fractions were each individually added to wells of mixed brain cultures and incubated for up to 6 d. At ϳ24 hr intervals, aliquots of the conditioned media were collected and assayed for the release of intracellular LDH (see below). After termination of the experiment, the cultures were fixed and immunostained to assess A␤ deposition and neuronal loss. Control cultures receiving no A␤ showed little neuronal loss after 5 d, as judged by M AP2 immunostaining, (Fig. 3a, blue stain) . In contrast, substantial neuronal loss was consistently observed after 5 d exposure to L MW A␤ ( Fig. 3b; 18 M in experiment illustrated) . The neuronal loss as judged by M AP2 immunostaining was concentration-dependent (data not shown; however, see LDH data below as a quantitative marker of cell injury). Similar results were obtained with PF; a majority of the neurons were lost in the presence of PF for 5 d ( Fig. 3c ; 21 M in this experiment). The degree of cell death from either the LMW A␤ or PF preparations approached that observed with fibrils ( Fig. 3d ; 28 M in this experiment). With each of the three preparations, A␤ deposition could be observed on and around the cells at day 5, as detected by the A␤-specific antibody, R1282 (Fig. 3b-d, red stain) . However, no detectable difference in the light microscopic pattern of this A␤ immunoreactivity could be observed among the three preparations. Cell death was primarily neuronal, as indicated by the clear loss of MAP2-stained neurons compared to the control (untreated) cultures, whereas the glial monolayer showed little or no cell loss by phase-contrast microscopy (Fig. 3) . Neuronal loss in controls (untreated) cultures over the 5-6 d toxicity experiments was usually Ͻ10%, whereas the A␤-induced neuronal loss was usually Ͼ80%.
We quantified LDH release induced by each of the three A␤ preparations for all 6 d in vitro (Fig. 4) . Consistent with the MAP2 immunostaining (above), concentrations of any of LMW A␤, PF, or fibrils at concentrations Ͼ7 M all induced LDH release. The amount of LDH released was both time-and concentration-dependent. In general, day 3 (Fig. 4, red area) was the first day that a substantial rise in LDH could be detected, and on this day, LDH levels were significantly ( p Ͻ 0.05) increased by the LMW A␤, PF, and fibril preparations versus controls (Table  1 ). The principal difference among the LMW A␤, PF, and fibril preparations was the earlier and more rapid induction of LDH release by the fibrils. In four separate experiments, the relative degree of LDH release by day 3 was similar for both the LMW A␤ and PF cultures (each significantly higher than controls; p Ͻ 0.05), whereas that of fibrils was significantly ( p Ͻ 0.05) higher than those of the L MW A␤ and PF as well as the control cultures (Table 1) .
Assaying for fibrillar A␤ in the culture media by Congo red binding and EM
We performed several different kinds of experiments to determine whether the reproducible neurotoxicity induced by the LMW A␤ and PF preparations (above) was caused by their gradual conversion to fibrils during the culture experiment or whether intermediate forms of A␤ may themselves induce cell injury. One approach involved the use of CRB, which has been used to identify both synthetic and endogenous A␤ fibrils (Klunk et al., 1989 (Klunk et al., , 1999 Wood et al., 1996; Dickson, 1997) . Conditioned media were collected at the end of the experiment (day 6) and assayed for CRB (Klunk et al., 1989) . Fibril-containing cultures showed a concentration-dependent rise in CRB in their media: no binding was observed at Յ6 M, whereas significant increases were detected at 13, 26, and 39 M (Fig. 5a ). In contrast, LMW A␤ and PF at the highest concentrations used in these cultures (25 and 19 M, respectively), produced no significant CRB. These results were observed consistently in three separate experiments examined for CRB: a clear dose response was observed for fibrillar A␤, but no significant CRB occurred in cultures treated with the SEC fractions containing LMW A␤ or PF, despite their producing definite and significant neurotoxicity. Thus, the neuronal injury and loss produced by PF did not correlate with the development of significant CRB-positive fibrillar material during our experiments.
Because the CRB assay may lack the sensitivity to detect small amounts of fibrillar A␤, we performed additional assays for the development of insoluble, fibrillar aggregates in the conditioned media using centrifugation and EM. The culture media of cultures conditioned for 5 d in the presence of LMW A␤, PF, or fibrils were centrifuged (16,000 ϫ g, 20 min), and the pellets were examined by EM for fibril content. No fibrils were detected by EM in the cultures exposed to control (A␤-free) medium (data not shown) or LWM A␤ (Fig. 5b) . However, large mats of PF were readily observed in the pellets of the media of the PFtreated cultures, with occasional fibrils evident (Fig. 5c ). Although evaluation by EM is only semiquantitative, there was a large difference in the ease with which fibrils were detected in the media pellets of cultures treated with fibrils ( Fig. 5d ) versus those treated with LMW A␤ or PF. These data, in combination with the lack of Congo red binding (Fig. 5a) , suggest that the consistent neurotoxicity obtained with the LMW A␤ and PF is caused by intermediate forms of A␤, not to any substantial conversion to mature fibrils during our experiments.
Electrophysiological evidence of early neuronal alterations caused by protofibrils
In view of the above evidence that intermediate forms of A␤ may have biological activity that can induce neuronal injury, we sought to confirm such activity at a time point so early and at concentrations so low that any progressive changes in the physical state of the A␤ material were very unlikely to have occurred. To this end, we undertook electrophysiological recordings of our mixed brain cultures in the absence versus presence of either LMW A␤, PF, or fibrillar A␤. Three-to 4-week-old cultures containing both neurons and glia (indistinguishable from those used for the toxicity studies above) were examined in electrophysiological studies using the patch-clamp technique (see Materials and Methods). For these experiments, LMW A␤ and PF were isolated by SEC just before their addition to the culture being recorded. The interval between the generation of LMW A␤ and PF and their addition to the cultures was as brief as 30 min and always Ͻ5 hr. Once a stable baseline recording was established in the voltageclamp mode, EPSCs were measured. In each case, the baseline was established for 4 min before the addition of an A␤ preparation. The addition of LMW A␤ at 3 M produced either no increase or a very transient increase in EPSCs followed by a rapid return to baseline (Fig. 6a, LMW ) . Concentrations approaching 20 M (i.e., neurotoxic) of LMW A␤ still showed no increase in EPSCs (data not shown). In sharp contrast, addition of either PF Fraction number refers to the order the fractions were collected from either the L MW A␤ or PF peak (bottom numbers, x-axis)(also see Fig. 1 ). After each day of treatment (z-axis), an aliquot of conditioned medium was analyzed for LDH release ( y-axis). Values were normalized to blanks (0 M A␤), which were given a value of 1. The graph represents one experiment, with each bar being the mean of duplicate assays; this graph is representative of four independent experiments in which four separate brain dissections were used (see Table 1 for comparison of the relative neurotoxicity of the preparations using LDH values from day 3). or fibrils at ϳ3 M concentrations invariably produced a rapid and sustained increase in electrical activity (Fig. 6a, PF, Fibrils) . Each trace represents a recording from a single cell. Traces in Figure 6a were then graphed as the number of EPSC s per minute versus time (Fig. 6b) . The normalized mean values (ϮSEM) of the EPSC s per minute for the first and the eighth minute of treatment with PF (6.4 Ϯ 1.4 and 7.0 Ϯ 1.3, respectively; n ϭ 8) and fibrils (6.2 Ϯ 1.8 and 7.4 Ϯ 1.5, respectively; n ϭ 5) were found to be approximately sixfold greater ( p Ͻ 0.05) than that of LMW A␤ (1.0 Ϯ 0.34; n ϭ 7) (Fig. 6c ). PF and fibrils were both statistically different from medium only and L MW A␤, but no difference was found between the PF and fibril preparations. This neuronal activation was concentration-dependent for both the PF and fibrils, with EC 50 values of 760 and 560 nM, respectively (data not shown). Interestingly, at concentrations Ͼ2 M, no further increase in activation was observed. The lowest A␤ concentrations that caused an increase in EPSC s during an 8 -10 min monitoring period were ϳ144 nM for PF and ϳ300 nM for fibrils. To f urther evaluate the effects of PF on the electrical activity of neurons, we investigated the relative change of action potentials (APs) and membrane depolarizations (MDs) in the presence of LMW A␤, PF, and fibrils. Whole-cell recording in current-clamp mode was used to monitor the baseline activity for 3-5 min. Freshly prepared L MW A␤ (3.9 M), PF (2.2 M), or preformed fibrils (0.75 M) were then applied to the mixed brain cultures (Fig. 7) . Application of either PF or fibrils increased the number of APs per minute by 2.59 Ϯ 0.24-fold (n ϭ 6) or 3.04 Ϯ 1.03-fold (n ϭ 8), respectively, versus the values of controls [i.e., no A␤ (normalized to 1)] or L MW A␤ (1.15 Ϯ 0.10, n ϭ 4) (Fig. 7) . The values for PF and fibrils were found to be statistically different from control and L MW A␤ ( p Ͻ 0.05), but not from each other. Furthermore, increased frequencies and larger sizes of MDs were observed after application of PF or fibrils compared to controls or LMW A␤ (Fig. 7, arrows; compare MDs of control or LMW A␤ vs PF or fibrils). These data suggest that a consequence of the increase in EPSCs is an increase in the rates of APs and large membrane depolarizations, which should have a significant impact on the physiology of the cell because of the large ion fluxes that occur.
DISCUSSION
In this study, we have compared the biological effects of different A␤ assemblies on primary mixed brain cultures to determine whether nonfibrillar or immature, prefibrillar forms of A␤ may be neurotoxic. This potentially important source of neuronal injury has been overlooked until very recently, perhaps because the neuropathological diagnosis of AD requires the presence of abundant fibrillar amyloid in the form of myriad neuritic plaques in postmortem brain tissue. Because mature amyloid plaques surrounded by dystrophic neurites, activated microglia, and reactive astrocytes are composed principally of A␤ fibrils, it has been generally assumed that fibrillar A␤ is the form most likely to be responsible for neuronal and glial injury in AD. The apparent importance of amyloid fibrils has been reinforced by cell culture studies that consistently show that the aggregation state of A␤, most notably the formation of amyloid fibrils, is associated with neuronal alteration and loss (Pike et al., 1991 (Pike et al., , 1993 Mattson et al., 1993; Lorenzo and Yankner, 1994; Estus et al., 1997; Seilheimer et al., 1997) . Therefore, in vitro toxicity and human neuropathological studies have heretofore not provided clear evidence that intermediate species formed during the A␤ fibrillogenesis process play a significant role in neuronal injury and death.
Based on the results of the experiments reported here, we hypothesize that nonfibrillar or immature fibrillar A␤ species have specific biological activities that may underlie, at least in part, the slowly progressive neuronal/synaptic changes that occur in AD. In support of this hypothesis, we present the novel finding that a recently described protofibrillar intermediate formed dur- ing fibrillogenesis of synthetic A␤ (Harper et al., 1997b; Walsh et al., 1997) , consistently and significantly alters the electrical activity of neurons as measured by EPSC s, action potentials, and membrane depolarization at biologically relevant concentrations. Interestingly, electrophysiological effects of PF and mature fibrils were similar, because both increased membrane conductance and depolarizations. In contrast, L MW A␤, consisting solely of monomers and /or dimers, had no significant electrophysiological effect at the same concentration. These results suggest that PFs have biological activity that mimics in part the ability of mature amyloid fibrils to alter ion fluxes across membranes (Mark et al., 1992; Mattson et al., 1992; Arispe et al., 1993; Wu et al., 1995; Kawahara et al., 1997; Ye et al., 1997) .
The work reported here is consistent with the recent observation that another soluble, diff usible form of synthetic A␤, referred to as A␤-derived diff usible ligands (ADDL s), can alter the electrical activity of neurons, observed as an attenuation of long-term potentiation (LTP) (Lambert et al., 1998) . However, our rapid increase in electrical activity (e.g., EPSCs), would not necessarily be associated with a reduction in LTP. These differences in effects are currently being investigated, but it is of interest to note that the structural and biochemical features of ADDLs appear to be distinct from those of PF. First, the ADDLs are much smaller, globular structures (ϳ5 nm diameter), compared to the curvilinear PF that have an average length of 25 nm and lengths as high as 200 nm. Second, SDS-PAGE of fresh preparations suggests that ADDLs contain two principal A␤ species, 17 and 22 kDa, whereas our PF yield two or three oligomeric bands of ϳ6, 8, and 12 kDa. This physical disparity between PF and ADDLs supports the concept that different A␤ assemblies have distinct neurobiological activities, which may be manifested differently using an electrophysiological readout.
In support of the hypothesis that intermediate species formed during fibrillogenesis may play an important role in the disease Each plot in b graphs data from a representative single cell exposed to one of the three A␤ preparations. Data from multiple experiments ( c) were then compiled by normalizing the EPSCs per minute to the basal activity, which was given a value of one. The normalized mean EPSC values (5-8 experiments; mean Ϯ SEM) for the basal, first, and eighth minute revealed a significant increase in EPSC s with PF and fibril application compared with the basal or LMW A␤ activity ( c). PF and fibrils were found to be statistically different from both medium alone and L MW A␤ ( p Ͻ 0.05); no significant difference between the PF and fibril preparations was observed. process are the findings that some transgenic mice overexpressing human APP have shown altered behavior and /or electrophysiological responses before or during the initiation of A␤ plaque formation, before any substantial histological lesions or neuronal pathology were observed (Holcomb et al., 1998; Chapman et al., 1999; Hsia et al., 1999) . The decline in synaptic activity in many of these animal models appears to take several months to develop (Hsiao et al., 1996; Holcomb et al., 1998; Chapman et al., 1999; Hsia et al., 1999) , perhaps reflecting a gradual increase in A␤ levels to a concentration that allows formation of intermediates that noticeably alter neuronal activity. In humans, alterations in neuronal physiology caused by PF or other A␤ oligomeric intermediates could underlie the earliest mild amnesiac symptoms observed in elderly subjects with minimal cognitive impairment , as observed in the above mouse models (Holcomb et al., 1998; Chapman et al., 1999) .
Recent data also suggest that intermediate species formed during A␤ fibrillogenesis could not only be responsible for early synaptic dysf unction, but may contribute to frank cell death. For example, an A␤ complex sedimenting more slowly than amyloid fibrils was shown to have a neurotoxic effect on cultured PC12 cells, as quantified by the MTT conversion assay (Oda et al., 1995) . In addition, ␣-1-antichymotrypsin is capable of blocking fibril formation without decreasing A␤-induced neurotoxicity (Aksenova et al., 1996) . A soluble A␤ species isolated from AD cerebral cortex that kills neurons in mixed brain cultures has been identified (Giulian et al., 1996; . Furthermore, the ADDL s mentioned above can also induce neuronal death (Lambert et al., 1998) .
These various data are consistent with our findings that neurons exposed to L MW A␤ or PF show evidence of progressive injury leading to frank cell loss. This effect was similar to that observed with A␤ fibrils, although fibrillar preparations generally produced a more rapid injury. Interestingly, we found that LMW A␤ induced neuronal death at similar concentrations and time points. L MW A␤ could either progress in vitro to PF that cause the neurotoxicity or it could induce neurotoxicity by a different mechanism than PF, as supported by the fact that L MW A␤ did not acutely activate ion channels (this study) or cause the reduction of MTT (Walsh et al., 1999) .
Because the induction of neurotoxicity in our cultures took 3-5 d in vitro, a major concern was that L MW A␤ and PF were transitioning to fibrils, and these caused the neuronal injury. However, several observations suggest that neither of these A␤ assembly forms principally converted to fibrils. Conditioned media from the L MW A␤ and PF cultures (day 5-6) showed no rise in Congo red binding, whereas media exposed to fibrils from time 0 showed a dose-dependent recovery of Congo red-positive (fibrillar) A␤. EM analysis of day 5-6 media that were centrifuged to concentrate any fibrils revealed few or no detectable fibrils in the L MW A␤ and PF cultures. These data clearly suggest that it is not the formation of fibrils in our L MW A␤ and PF experiments that explains the reproducible and profound neurotoxicity that these preparations induce. Furthermore, we have found by another relatively rapid biological readout, MTT reduction, that PF can directly alter cortical neurons biochemically, presumably before significant formation of fibrils occurs (Walsh et al., 1999) . Finally, and most importantly, the almost instantaneous and highly reproducible enhancement in electrical activity of neurons by freshly prepared PF strongly suggests that PF can initiate a cell death process or render neurons more vulnerable to further insult without having to age to mature fibrils.
An important goal of our future work will be to search for the existence of protofibril-like assemblies of A␤ in vivo. In this regard, we have observed stable oligomers (dimers, trimers) of natural A␤ in the conditioned media of some cells overexpressing APP (Podlisny et al., 1995 (Podlisny et al., , 1998 . Their potential pathological relevance was shown by observing an increase in the amounts of such A␤ 1-42 oligomers when AD-causing presenilin 1 or 2 mutations, which increase A␤ 1-42 secretion, are coexpressed with APP (Xia et al., 1997) . These findings suggest that natural A␤ under physiological conditions (nanomolar concentrations) can form oligomeric species, which could then seed the aggregation process as cerebral A␤ levels begin to rise with age in AD (Harper and Lansbury, 1997; Teplow, 1998) . This hypothesis is consistent with fluorescence correlation spectroscopy study that identified soluble higher order, A␤ aggregates in the CSF of AD patients (Pitschke et al., 1998) . Furthermore, soluble oligomeric A␤, primarily A␤ 1-42 , has been shown to be elevated in AD cortex compared to age-matched control subjects . Similarly, specific increases principally in A␤ 1-42 rather than A␤ 1-40 have been observed in other studies of AD brain tissue (Gravina et al., 1995) or transgenic mice expressing mutant human APP (Johnson-Wood et al., 1997) . Even though the A␤ aggregation state was not determined in the latter studies, the documented rise in A␤ 1-42 would increase the probability of aggregation occurring.
In summary, we have shown that soluble, intermediate forms of A␤ assemblies, particularly PF, can induce acute as well as delayed neurotoxic effects in the absence of significant conversion to fibrils. If oligomeric A␤ species resembling PF are present in human brain tissue before or during neuritic plaque (i.e., amyloid fibril) formation, the PF-like assemblies could well have a greater neuropathological impact than amyloid fibrils. As fibrils clump and become sequestered in glial-rich neuritic plaques, their ability to interact with surrounding cells may decrease. Soluble assemblies could have a more detrimental effect than mature fibrils because of their diffusibility. Based on the results reported here, identifying the presence of PF in vivo and determining their concentrations and half-life will be the next critical step in assessing the importance of prefibrillar species in AD. From a therapeutic point of view, blocking formation of mature fibrils could be harmful if toxic intermediates resembling those described here are allowed to accumulate.
